We have identified two cell types, each using almost exclusively one of two different CD95 (APO-1/Fas) signaling pathways. In type I cells, caspase-8 was activated within seconds and caspase-3 within 30 min of receptor engagement, whereas in type II cells cleavage of both caspases was delayed for~60 min. However, both type I and type II cells showed similar kinetics of CD95-mediated apoptosis and loss of mitochondrial transmembrane potential (ΔΨ m ). Upon CD95 triggering, all mitochondrial apoptogenic activities were blocked by Bcl-2 or Bcl-x L overexpression in both cell types. However, in type II but not type I cells, overexpression of Bcl-2 or Bcl-x L blocked caspase-8 and caspase-3 activation as well as apoptosis. In type I cells, induction of apoptosis was accompanied by activation of large amounts of caspase-8 by the deathinducing signaling complex (DISC), whereas in type II cells DISC formation was strongly reduced and activation of caspase-8 and caspase-3 occurred following the loss of ΔΨ m . Overexpression of caspase-3 in the caspase-3-negative cell line MCF7-Fas, normally resistant to CD95-mediated apoptosis by overexpression of Bcl-x L , converted these cells into true type I cells in which apoptosis was no longer inhibited by Bcl-x L . In summary, in the presence of caspase-3 the amount of active caspase-8 generated at the DISC determines whether a mitochondria-independent apoptosis pathway is used (type I cells) or not (type II cells).
Introduction
Recently, a new subfamily of the tumor necrosis factor receptor superfamily, the death receptors, has emerged . Death receptors such as TNF-R1, DR3 (APO-3/TRAMP/Wsl-1/LARD), DR4 (TRAIL-R1), DR5 (TRAIL-R2) and CD95 (APO-1/Fas) are characterized by the presence of a death domain (DD) within the cytoplasmic region and have been shown to trigger apoptosis upon binding of their cognate ligands or specific agonistic antibodies. The receptor-proximal events have been best characterized for CD95. Stimulation of CD95 results in aggregation of its intracellular death domains, leading to the recruitment of two key signaling proteins that together with the receptor form the death-inducing signaling complex (DISC) (Kischkel et al., 1995) . FADD (MORT-1) (Boldin et al., 1995; Chinnaiyan et al., 1995 Chinnaiyan et al., , 1996a couples through its C-terminal DD to cross-linked CD95 receptors and recruits caspase-8 (FLICE/MACHα1/ Mch5) (Boldin et al., 1996; Fernandes-Alnemri et al., 1996; Muzio et al., 1996) through its N-terminal death effector domain (DED) to the DISC.
Caspase-8 is part of a growing family of cysteine proteases that were shown to be involved in many forms of apoptosis. All caspases are synthesized as inactive proenzymes that have to be activated by proteolytic cleavage after specific aspartate residues (Nicholson and Thornberry, 1997) . Recently, we have shown that caspase-8 can be activated by association with the CD95 DISC, leading to the release of the active subunits p18 and p10 into the cytosol . Downstream of the DISC, the CD95 signaling pathway has been shown to involve activation of additional caspases such as caspase-1 (Enari et al., 1995; Los et al., 1995) , caspase-3 (Enari et al., 1996; Hasegawa et al., 1996; Schlegel et al., 1996) , caspase-4 (Kamada et al., 1997) , caspase-6 (Takahashi et al., 1997) and caspase-7 (Fernandes-Alnemri et al., 1995) . Caspase-3, which is functionally similar to the Caenorhabditis elegans cell-death protein CED-3 (Xue et al., 1996) , appears to play an important role in the effector pathway in apoptosis.
Recently, involvement of mitochondria in apoptotic processes has been demonstrated (Shimizu et al., 1996a; Kroemer et al., 1997) . This was also shown for CD95-mediated apoptosis. Early after induction of apoptosis, a loss of mitochondrial transmembrane potential (ΔΨ m ) can be measured together with the formation of permeability transition (PT) pores. At the same time, cytochrome c is inactivated (Krippner et al., 1996; Adachi et al., 1997) and then released into the cytoplasm where it results in activation of caspase-3, presumably with the help of Apaf-1, a homolog of the C.elegans cell-death protein CED-4 (Zou et al., 1997) following activation of Apaf-3/ caspase-9 (Li et al., 1997a) . All mitochondrial activities in apoptosis can be blocked by overexpression of Bcl-2 or Bcl-x L , which are homologous to the anti-apoptotic C.elegans protein CED-9 (Vaux et al., 1992; Shimizu et al., 1996a; Kluck et al., 1997a; Vander Heiden et al., 1997; Yang et al., 1997a) . As in C.elegans, the molecular order of the cell death proteins seems to be Bcl-2 acting upstream of Apaf-1 and Apaf-1 acting upstream of caspase-3. Although in most cells caspase-3 is activated during CD95-mediated apoptosis, the ability of Bcl-2 or Bcl-x L to inhibit this kind of apoptosis has been controversially discussed (reviewed in Peter et al., 1998) .
We now have identified two different cell types that use distinct CD95 apoptosis signaling pathways. Type I cells require activation of caspase-8 at the DISC closely followed by activation of caspase-3. Blocking mitochondrial function by heterologous expression of Bcl-2 has no effect on caspase-8 or caspase-3 cleavage, or on the CD95 sensitivity of these cells. In type II cells, caspase-8 and caspase-3 are primarily activated downstream of mitochondria, and their activation and apoptosis is blocked by overexpression of Bcl-2 or Bcl-x L . In these cells, DISC formation is strongly reduced despite normal expression levels of the DISC components CD95, FADD and caspase-8. Furthermore, in MCF7-Fas cells DISC formation and caspase-8 activation occur as in type I cells Srinivasan et al., 1998) . However, apoptosis is blocked by Bcl-x L overexpression as in type II cells. This mixed phenotype is probably due to a caspase-3 deficiency since heterologous expression of caspase-3 in MCF7 cells overcomes the ability of Bcl-x L to block apoptosis, converting the cells into true type I cells.
Results

Type I and type II cells differ in their kinetics of caspase-8 and caspase-3 activation
We have recently shown that in many cell lines the first detectable event during CD95-mediated apoptosis is the appearance of caspase-8 cleavage products that could be detected as early as 5 s after receptor cross-linking Scaffidi et al., 1997) . Activation of caspase-8 in these cells only occurred at the DISC level . This mechanism of caspase-8 activation is reflected in the early appearance of caspase-8 active subunits in the cytoplasm ( Figure 1A , lanes 1-12). The early caspase-8 activation (shown after 10 min stimulation with anti-APO-1) was followed by activation of caspase-3 ( Figure 1B, lanes 1-12) . In the B lymphoblastoid cell line SKW6.4, caspase-3 cleavage was first detectable after 10 min of stimulation ( Figure 1B , lanes 1-6). The active subunit p17 was first detected after 30 min and began to degrade further at 60 min. The T lymphoma cell line H9 was somewhat slower in cleaving both caspases ( Figure 1A and B, lanes 7-12).
We have now identified cells in which caspase-8 and caspase-3 cleavage was significantly delayed despite high CD95 expression. Cells with a rapid cleavage of caspase-8, such as SKW6.4 and H9, we designated type I cells and those with the delayed cleavage (Jurkat and CEM) we called type II cells. In these cells, the first cleavage products of caspase-8 and caspase-3 did not appear before 60 min of stimulation ( Figure 1A and B, lanes 13-24). As in type I cells, cleavage of caspase-8 in type II cells preceded cleavage of caspase-3 ( Figure 1A and B, lanes 13-24), which was also delayed for~60 min. In general, all caspase-3-like protease activation was delayed for at least 30 min in type II cells, as seen by the cleavage of the typical caspase-3 substrate poly (ADP-ribose) polymerase (PARP) ( Figure 1C) .
Looking closely at the way caspase-8 and caspase-3
were cleaved in the two cell types, more specific differences can be seen. In type I cells, caspase-8 cleavage occurred through the active subunit p18 which was then slowly processed to a smaller p16 fragment ( Figure 1A , lanes 1-12). In both type II cells tested the smaller p16 subunit was formed directly but in a delayed manner, without any detectable p18 formation ( Figure 1A , lanes 13-24). Moreover, when comparing type I and type II cells, differences can be seen with respect to the way the active p17 subunit of caspase-3 is generated. In both type I cells, initial cleavage of caspase-3 generated a p20 subunit that has been reported to represent the p17 subunit plus the short caspase-3 prodomain , suggesting that the first cleavage occurred between the two active subunits p17 and p10. Such an activation is consistent with the activation by another caspase . The p20 fragment was then slowly converted into the active p17 subunit in agreement with the general activation scheme for caspases (Nicholson and Thornberry, 1997) ( Figure 1B , lanes 1-12). Type II cells differed in that caspase-3 activation proceeded directly to formation of the active subunit p17. The p20 intermediate could not be detected (Figure 1B, . The data suggest that type I and II cells differ in the mechanism of activation of both caspase-8 and caspase-3, indicating that they may use different apoptosis signaling pathways.
Type I and type II cells are equally sensitive to CD95-mediated apoptosis
Assuming that delayed caspase activation would influence CD95 apoptosis sensitivity, the four cell lines were tested for both dose dependence and kinetics of CD95-mediated apoptosis ( Figure 2) . Surprisingly, no significant difference could be seen. In the dose response shown in Figure 2A , the cell line with the slowest rate of caspase-8 and caspase-3 cleavage (Jurkat) was the most sensitive with respect to apoptosis induction by the anti-APO-1 antibody. The kinetics of apoptosis seemed to be independent of the apoptosis cell type ( Figure 2B ). In summary, since all four cell lines tested expressed high levels of surface CD95 (data not shown) and died with similar kinetics, differences between the two cell types must lie in the signaling pathway.
Both type I and type II cells activate mitochondria following CD95 triggering
Recently, a number of reports have demonstrated that induction of apoptosis is often accompanied by a drop in ΔΨ m (Shimizu et al., 1996a) , the opening of PT pores and the release of cytochrome c from mitochondria (Kluck et al., 1997a; Yang et al., 1997a) . Apoptogenic activity of cytochrome c was shown to require a cytoplasmic factor to activate caspase-3 (Liu et al., 1996) . In addition, 'activated' mitochondria released another apoptosisinducing factor (AIF) that was shown to activate caspase-3 and to induce DNA fragmentation on isolated nuclei . To test whether type I and type II cells differ with respect to their activation of mitochondria during CD95-mediated apoptosis, a number of experiments were performed. Figure 3A shows the kinetics of the loss of ΔΨ m in the four cell lines tested. In all cases, loss of ΔΨ m followed similar kinetics with no significant difference (1 μg/ml) for indicated periods of time and subsequently lysed as described in Materials and methods. Lysates equivalent to 10 6 cells were subjected to 12% SDS-PAGE and immunoblotted with the respective mAb. The migration position of full length caspase-8 (CASP-8) which exists as two isoforms , the active subunit p18, its further processing product p16, full-length caspase-3 (CASP-3), the cleavage intermediate p20, the active subunit p17, full-length PARP and the cleavage product p85 are indicated. between type I and type II cells ( Figure 3A) . Next, the activity of isolated mitochondria from anti-APO-1 treated cells was tested ( Figure 3B) . Isolated mitochondria of all tested cells were able to induce DNA fragmentation on isolated SKW6.4 nuclei in a dose-dependent way, again with no difference between mitochondria from type I and type II cells. When isolated from untreated non-apoptotic cells, none of the mitochondrial preparations was active in this assay ( Figure 3B ). Isolated mitochondria from anti-APO-1-activated type I and type II cells were similarly active in inducing caspase-8, caspase-3 and PARP cleavage when added to cytosolic extracts of unstimulated cells (data not shown). Finally, in all cells almost all cytochrome c was released from mitochondria after CD95 triggering for 2 h ( Figure 3C ). These data demonstrate that both type I and type II cells similarly activated mitochondria during their CD95-specific apoptotic program. Therefore, the differences between type I and type II cells in the kinetics of activation of caspase-8 and caspase-3 cannot be attributed to a difference in activation of mitochondria. However, type I and type II cells could differ in their dependence on the mitochondrial contribution to apoptosis.
In type II cells CD95-mediated apoptosis is blocked by Bcl-2 A growing body of data indicates that overexpression of Bcl-2 can block all apoptosis-specific mitochondrial activities. Bcl-2 has been shown to inhibit PT formation (Shimizu et al., 1996a) , release of AIF and of cytochrome c (Kluck et al., 1997a; Yang et al., 1997a) in a number of experimental systems. We therefore used Bcl-2-overexpressing cell lines to test the dependence of type I and type II cells on the mitochondrial contribution to apoptosis. As type I cells we chose SKW6 cells (Strasser et al., 1995) and as type II cells, Jurkat cells (Armstrong et al., 1996) . Consistent with published data, the SKW6 cells were not affected in their CD95-sensitivity by overexpression of Bcl-2 ( Figure 4A ) despite very high Bcl-2 expression ( Figure 4G ). In contrast, Jurkat-bcl-2 cells expressing much lower amounts of Bcl-2 than SKW6-bcl-2 cells were significantly resistant to apoptosis after CD95 triggering ( Figure 4D ). For both cells different transfectants were tested to exclude clonal effects. Next we tested whether Bcl-2 affected mitochondrial functions during CD95-mediated apoptosis in both cell types. In SKW6-bcl-2 and Jurkat-bcl-2 cells, Bcl-2 was present in the isolated mitochondrial fraction ( Figure 4G ) and blocked loss of ΔΨ m in mitochondria ( Figure 4B and E). In addition, in both Bcl-2-overexpressing cell types the ability of isolated mitochondria after CD95 stimulation to induce DNA cleavage on isolated nuclei ( Figure 4C and F), or to induce caspase cleavage in cytosolic extracts (data not shown), was blocked as well as cytochrome c release from these mitochondria ( Figure 4H ). These data support the finding that both type I and type II cells activate mitochondria, resulting in the release of cytochrome c. However, only type II cells depend on the apoptogenic activity of mitochondria since blocking of this activity by Bcl-2 overexpression reduced CD95-mediated apoptosis sensitivity in the type II cell line Jurkat, but not in the type I cell line SKW6.
In type I cells caspase-8 activation occurs upstream, and in type II cells downstream, of mitochondria
To define the role of mitochondria in the activation of caspases in type I and type II cells, we tested how blocking of mitochondrial activation by Bcl-2 overexpression would affect cleavage of caspase-8, caspase-3 and PARP ( Figure  5 ). In SKW6 cells, Bcl-2 did not block caspase activities ( Figure 5A , B and C, lanes 1-10), consistent with the fast cleavage kinetics of caspase-8, caspase-3 and PARP in type I cells. In contrast, in the type II cell line Jurkat, cleavage of both caspase-8 and caspase-3 was completely blocked by overexpression of Bcl-2 ( Figure 5A and B, lanes 11-20), consistent with the slow activation kinetics of both caspases in these cells. In addition, cleavage of PARP was significantly delayed indicating that almost all caspase-3-like protease activity in these cells was blocked by Bcl-2. Bcl-x L has been shown to be functionally equivalent to Bcl-2 and to test whether Bcl-x L could also block apoptosis in type II cells, we generated CEM cells which stably overexpressed Bcl-x L . In these cells, overexpression of Bcl-x L inhibited CD95-mediated apoptosis as well as caspase-8 activation and PARP cleavage ( Figure 6 ). This underlines again the dependence of caspase activation and apoptosis on mitochondrial function in type II cells. Taken together, these data suggest that in type I cells caspase-8 is activated directly at the DISC level. Active caspase-8 subunits may directly cause cleavage of caspase-3 and this activation is independent of mitochondrial activation. In contrast, in type II cells strong activation of caspase-8 and caspase-3 occurs at a level downstream of mitochondria. It is inhibited by Bcl-2 or Bcl-x L and may depend on mitochondrial release of cytochrome c.
DISC formation is strongly reduced in Jurkat and CEM T cells
Cross-linking of the CD95 receptor on most cells expressing high levels of CD95 results in instant recruitment of FADD and caspase-8 to the receptor (Kischkel et al., 1995) , leading to the activation of caspase-8 at the DISC . Since activation of caspase-8 in the type II cells occurred downstream of mitochondria, we compared formation of the DISC between type I and type II cells. As previously reported , the DISC of the type I cells SKW6.4 and H9 contained high quantities of both FADD and caspase-8 ( Figure 7A , lanes 2 and 4) which were not detected in unstimulated cells ( Figure 7A , lanes 1 and 3). In contrast, recruitment of both FADD and caspase-8 was substantially reduced in the type II cells CEM and Jurkat ( Figure 7A , lanes 6 and 8 Medema et al., 1997; C.Scaffidi, F.Kischkel and M.Peter, unpublished) , CEM and Jurkat T cells were the only cells with that phenotype. The lack of significant DISC formation in CEM and Jurkat cells was not due to the absence of either FADD or caspase-8 since both proteins were expressed at similar levels in the four cell lines as determined by Western blot analysis of cellular lysates ( Figure 7B ). The data suggest that the amount of active caspase-8 generated by recruitment to the DISC determines the apoptosis cell type. The reduced FADD and caspase-8 recruitment to the DISC in type II cells could be caused by a protein bound to CD95, blocking DISC formation. We therefore analyzed the receptor complex of both cell types for CD95-specific association of a protein found only in type II cells using 2D IEF/SDS-PAGE analysis as previously described (Kischkel et al., 1995) . We identified a 120 kDa protein specifically associated with CD95 in CEM and Jurkat cells only ( Figure  7C ), independent of the activation status. This protein was not detected in immunoprecipitates using an isotypematched control mAb ( Figure 7C, FII23) or an anti-transferrin receptor mAb ( Figure 7C , anti-TfR). The protein was not found to be associated with CD95 in SKW6.4 cells ( Figure 7C ) or other type I cells .
Conversion of MCF7-Fas into a type I cell line by overexpression of pro-caspase-3
We have recently shown that in MCF7 cells stably expressing CD95 (MCF7-Fas), caspase-8 is recruited to the DISC after triggering of CD95 . Overexpression of Bcl-x L did not interfere with activation of caspase-8, however, it blocked CD95-mediated apoptosis (Jäättelä et al., 1995; Medema et al., 1998; Srinivasan et al., 1998) . Thus, MCF7-Fas cells behave like type I cells in terms of DISC formation and caspase-8 activation, but like type II cells in terms of the ability of Bcl-x L to block CD95-mediated apoptosis. Recently, we have shown that MCF7-Fas cells are deficient in caspase-3 expression and this accounts for the inability of micro-injected cytochrome c to induce apoptosis in these cells (Li et al., 1997b; Srinivasan et al., 1998) . These observations raised the possibility that in the absence of caspase-3 activated caspase-8 signals through a Bcl-x Linhibitable mitochondrial step. To test this possibility, the ability of Bcl-x L to inhibit CD95-mediated apoptosis in MCF7-Fas cells was examined in pro-caspase-3 transiently transfected cells. When MCF7-Fas cells were transfected with vector control ( Figure 8A , middle column), CD95-mediated apoptosis was inhibited when Bcl-x L was present in the cells as well ( Figure 8A , right hand column). In contrast, when transiently transfected with pro-caspase-3, the MCF7-Fas-bcl-x L cells were no longer protected from (1 μg/ml) for indicated periods of time and subsequently lysed as described in Materials and methods. Lysates of 10 6 cells were subjected to 12% SDS-PAGE and immunoblotted with the respective mAb. The migration position of full length caspase-8 (CASP-8), the active subunit p18, its further processing product p16, full-length caspase-3 (CASP-3), the cleavage intermediate p20, the active subunit p17, full-length PARP and the cleavage product p85 are indicated. CD95-mediated apoptosis and became independent of the mitochondrial pathway ( Figure 8B, right column) . In summary, heterologous expression of caspase-3 converted MCF7-Fas cells to true type I cells with respect to the inability of Bcl-x L to block CD95-mediated apoptosis.
Discussion
Caspases have been recognized as playing a major role in execution of the death signal during apoptosis induced by various stimuli (Nicholson and Thornberry, 1997) . During CD95-mediated apoptosis they were shown to be activated shortly after receptor triggering (Enari et al., 1996; Hasegawa et al., 1996; Medema et al., 1997; Scaffidi et al., 1997) . Caspase-3-like activities seem to be most important (Hasegawa et al., 1996; Schlegel et al., 1996) although caspase-3 alone does not seem to be absolutely required in most cases as caspase-3 -/-mice did not have a defect in the CD95 pathway in most tissues (Kuida et al., 1996) . Recently, using different systems involving cell-free extracts, it became clear that mitochondrial components are essential for many forms of apoptosis in mammalian cells. Consistent with our data,~30 min after apoptosis induction a drop in ΔΨ m can be detected . In parallel, cytochrome c is first inactivated (Krippner et al., 1996; Adachi et al., 1997) and later released from mitochondria (Liu et al., 1996; Kluck et al., 1997a; Perry et al., 1997; Yang et al., 1997a) . Irrespective of its redox state, cytochrome c seems to be important for activation of caspase-3 (Kluck et al., 1997b; Yang et al., 1997a) . This activation step requires the cellular factors Apaf-1, a mammalian cytochrome c binding homologous to the C.elegans CED-4 protein (Zou et al., 1997) , and Apaf-3/caspase-9 (Li et al., 1997a) . Recent work has suggested that in mammalian cells at least two levels exist at which caspase-3-like proteases act during CD95-mediated apoptosis. First level caspases act upstream and second level caspases downstream of the mitochondrial check-point (Peter et al., 1997a) .
Both Bcl-2 and Bcl-x L , shown to be functionally equiva- lent , are in part expressed in the outer mitochondrial membrane. Recently, a large body of evidence has supported the view that Bcl-2 or Bcl-x L can block all activities of mitochondria shown to be involved in apoptosis signaling (Newmeyer et al., 1994; Shimizu et al., 1996a,b; Adachi et al., 1997; Kim et al., 1997; Kluck et al., 1997a; Vander Heiden et al., 1997; Yang et al., 1997a) . Consistent with this ability, others have shown that Bcl-2 and Bcl-x L act upstream of a caspase-3-like activity (Armstrong et al., 1996; Chinnaiyan et al., 1996b; Cosulich et al., 1996; Monney et al., 1996; Shimizu et al., 1996b; Estoppey et al., 1997; Perry et al., 1997) , establishing caspase-3 as a second level caspase acting downstream of mitochondria.
Involvement of mitochondria defines two different CD95 signaling pathways
Despite the growing number of key discoveries in apoptosis signaling, a number of unsolved questions have remained, two of which are currently being controversially discussed for CD95 signaling: (i) do mitochondria play a central role in CD95-mediated apoptosis; and (ii) can Bcl-2 or Bcl-x L inhibit CD95-mediated apoptosis? We can now address these questions. (i) After recognition of the importance of mitochondria in apoptosis signaling, it was suggested that all forms of apoptosis may depend on activation of mitochondria Kroemer et al., 1997) . We have now demonstrated that both type I and type II cells activate mitochondria similarly with respect to PT formation, release of cytochrome c and their ability to induce DNA fragmentation of isolated nuclei or caspase activation in cytosolic extracts. However, type I cells have developed a way to bypass mitochondrial functions, as they activate caspase-8 at the DISC followed by caspase-3 activation independent of mitochondrial activity. Only type II cells seem to depend on mitochondria during induction of apoptosis, and activation of both caspase-8 and caspase-3 can be prevented by blocking mitochondrial activity.
(ii) The role of Bcl-2 and Bcl-x L in CD95 signaling is unclear. A large number of publications have addressed the question of whether mammalian CED-9 homologs can inhibit CD95-mediated apoptosis. Reports range from no effect (Chiu et al., 1995; Memon et al., 1995; Strasser et al., 1995; Chinnaiyan et al., 1996b; Moreno et al., 1996; Huang et al., 1997; Susin et al., 1997) , through partial effect (Itoh et al., 1993; Memon et al., 1995; Boise and Thompson, 1997) Armstrong et al., 1996; Lee et al., 1996; Mandal et al., 1996; Vander Heiden et al., 1997) . We have now demonstrated that the ability of human CED-9 homologs to inhibit CD95-mediated apoptosis is dependent on the apoptosis cell type tested. Expression of Bcl-2 in the type I SKW6 cells did inhibit mitochondrial functions, however, it failed to inhibit apoptosis and activation of caspase-8 and caspase-3 in vivo, indicating that type I cells use a system parallel to mitochondria. In contrast, in the type II cells Jurkat and CEM, when DISC formation was strongly impaired and most caspase-8 and caspase-3 was primarily activated downstream of mitochondria, activation of these caspases and apoptosis were blocked by Bcl-2 or Bcl-x L , respectively. Most studies reporting inhibition of CD95-mediated apoptosis by Bcl-2 or Bcl-x L have used Jurkat T cells, a typical type II cell line (Memon et al., 1995; Takayama et al., 1995; Armstrong et al., 1996; Boise and Thompson, 1997; Vander Heiden et al., 1997) . Only a few reports exist where no inhibition of CD95-mediated apoptosis was found by overexpression of Bcl-2 or Bcl-x L in type II cells such as Jurkat or CEM (Chinnaiyan et al., 1996b; Susin et al., 1997) . These contradictory results may be due to the different cell lines used in various studies. More detailed analysis would be necessary to clarify whether these specific clones really are type II cells, and whether Bcl-2 or Bcl-x L inhibited all mitochondrial activity in these cells. Studies that did not find any inhibition by Bcl-2 or Bcl-x L used type I cells such as SKW6 (Strasser et al., 1995; Huang et al., 1997) .
What are the characteristics of type I and type II cells?
Type I cells such as SKW6.4 and H9 form a DISC and activate caspase-8 at the receptor level within seconds of CD95 triggering ( Figure 9A ). In these cells, caspase-8 acts as a first level caspase. Active caspase-8 subunits lead to the activation of mitochondria, similar to that in type II cells. However, the large quantities of active caspase-8 generated may start a mitochondria-independent caspase cascade, or in direct processing of caspase-3. The latter assumption is supported by in vitro data (Srinivasula et al., 1996; Muzio et al., 1997) . As caspase activation in these cells is independent of mitochondrial function it cannot be blocked by overexpression of Bcl-2. Type II cells show only reduced DISC formation ( Figure  9B ). Mitochondria in these cells may function as an amplifier, activating both caspase-8 and caspase-3. Only in these cells can activation of these caspases be blocked by Bcl-2 or Bcl-x L and apoptosis sensitivity is strongly reduced. We found that caspase-3 was activated by addition of cytochrome c to cytosolic extracts whereas caspase-8 was not activated (S.Fulda and M. Peter, unpublished) . It is therefore unclear what activates caspase-8 downstream of mitochondria. This question is even more intriguing considering that caspase-8 activation apparently preceded activation of caspase-3 in our experiments.
Do type II cells form an alternative DISC?
Since type I and type II cells activate mitochondria similarly, it is unlikely that type II cells use an alternative receptor-proximal signaling pathway and form an alternative DISC. However, two proteins other than FADD have been suggested to couple with CD95. First, Daxx, a protein interacting with the CD95 death domain and activating Jun kinases (Yang et al., 1997b) . Apoptosis induced by Daxx was suggested to be inhibitable by Bcl-2 whereas activation of cell death by FADD was suggested to be independent of Bcl-2. Daxx therefore would fit the criteria of a protein activating the mitochondrial pathway. However, when previously testing the kinetics of Jun kinase activation in the type II cell Jurkat, we did not find faster activation of Jun kinases compared with the type I cell SKW6.4 in which Jun kinase activation occurs downstream of caspases (Cahill et al., 1996) . Therefore, binding of Daxx to CD95 is unlikely to be responsible for the distinct phenotype of type II cells.
Another candidate for binding to CD95 in type II cells is caspase-10 (Fernandes- Vincenz et al., 1997) . Involvement of caspase-10 would be consistent with data demonstrating that caspases act upstream of mitochondria . However, using a rabbit serum specific for the p18 subunit of caspase-10, we found processing of caspase-10 in both the type I cell SKW6.4 and the type II cell Jurkat after activation of mitochondria at 30 min (unpublished). In addition, caspase-10 processing in the type II cell Jurkat was blocked by Bcl-2 (C. Scaffidi and M.Peter, unpublished) . It is therefore unlikely that caspase-10 is part of the CD95 DISC. It may, however, be activated by other death receptors. In summary, caspase-10 cannot be the first level caspase that activates mitochondria in type II cells upon triggering of CD95.
The amount of active caspase-8 generated by the CD95 DISC can determine whether a cell reacts like a type I or a type II cell Comparable activation of mitochondria in type I and type II cells makes it unlikely that an unknown signaling protein would specifically bind to CD95 in type II cells instead of FADD. FADD and caspase-8 seem to initiate the death signal at the receptor level in both apoptosis cell types. This is supported by data demonstrating that a dominant negative form of FADD could inhibit CD95-mediated apoptosis in the type I cell line BJAB (Chinnaiyan et al., 1995) as well as in the type II cell line MCF7 (Chinnaiyan et al., 1996a ).
An alternative explanation of the difference in the receptor-proximal events between type I and type II cells comes from experiments using the previously described in vitro caspase-8 cleavage assay . With this assay, a low ability of the DISC from Jurkat cells to process caspase-8 was detected (data not shown). Although very low, this ability may be enough to activate mitochondria in type II cells. In these cells, mitochondria may serve as a signal amplifier for low caspase activity generated at the DISC. This caspase activity, however, may be insufficient to start a caspase cascade such as the one in type I cells ( Figure 9A ).
Experiments using MCF7-Fas cells provided strong evidence that caspase-8 generated at the DISC is also responsible for the activation of mitochondria in type II cells. Unlike other type II cells, MCF7-Fas cells formed large quantities of active caspase-8 at the DISC . This may have been due to the fact that these cells stably overexpress CD95. Using micro-injection experiments we found that active caspase-8 was able to start a mitochondria-dependent apoptotic pathway, and that even high caspase-8 concentrations in these cells did not result in the induction of mitochondria-independent apoptosis (Srinivasan et al., 1998) . This was probably due to a lack of caspase-3 expression in MCF7 cells. Expression of caspase-3 enabled these cells to bypass mitochondria by directly activating caspase-3. These cells were then no longer resistant to CD95-mediated apoptosis, despite overexpressing Bcl-x L . These data provide strong evidence for a model in which the amount of active caspase-8 generated at the DISC determines whether a cell uses mitochondria when caspase-3 is present. The regulation of development into one or the other cell type must therefore start at the inhibition of the recruitment of FADD to CD95. What mechanism prevents FADD from associating with activated CD95 in type II cells is currently unknown. A possible candidate for such a blocking molecule could be the 120 kDa protein found to be associated only with CD95 in type II cells ( Figure 7C ). This protein qualifies as such an inhibitor since it is also associated with the non-cross-linked receptor. It may therefore prevent formation of the DISC.
Evolution of the two CD95 apoptosis pathways
Apoptosis in the nematode C.elegans has served as a paradigm for mammalian apoptosis pathways. In C.elegans, apoptosis is executed by a caspase-3-like protease, CED-3, that requires another death promoting protein, CED-4, for its activity (Yuan and Horvitz, 1990) . A third protein, CED-9, acts as a negative regulator, presumably by direct physical association with CED-4 (Chinnaiyan et al., 1997; Spector et al., 1997; Wu et al., 1997) . The mammalian mitochondrial apoptosis pathway found in type II cells is most similar to the apoptosis pathway in C.elegans ( Figure 9B ). Consistent with this model, apoptosis in type II cells is inhibited by the CED-9 homologs Bcl-2 and Bcl-x L . Therefore, the apoptosis pathway of type II cells may be evolutionary older than that of type I cells. In contrast to the nematode, mammals have developed an additional apoptotic pathway bypassing mitochondria by direct activation of caspases at the level of the death receptors. Therefore in type I cells, in which this mitochondria independent pathway is operative, apoptosis cannot be inhibited by Bcl-2 or Bcl-x L . To overcome this lack of regulation, mammals may have developed a new kind of inhibitor, FLICE inhibitory protein (cFLIP) (for review see Peter et al., 1998) , which inhibits caspase-8 activation directly at the receptor level without affecting recruitment of FADD (C. Scaffidi and M.Peter, unpublished) . cFLIP was reported to inhibit CD95-mediated apoptosis in both type I (Raji) and type II cells (Jurkat) (Irmler et al., 1997) , again supporting a model in which caspase-8 activation at the DISC is essential for both apoptosis pathways.
The physiological role of the two CD95 signaling pathways Most cell lines tested during this study were of type I; only two type II cells were found but this may not reflect the relative importance of the two pathways in the body. However, data have led us to speculate about the physiological roles of type I and type II CD95-mediated apoptosis in the body. At least two tissues can be categorized: peripheral T cells and thymocytes seem to be type I cells. We have recently shown that human peripheral T cells form a DISC and that inhibition of CD95 signaling in apoptosis-resistant T cells resulted from a failure to recruit pro-caspase-8 to the DISC rather than from upstream regulation of Bcl-x L that was also detected (Peter et al., 1997b) . This assessment is consistent with data from studies on the direct effects of Bcl-2 and Bcl-x L on normal peripheral T cells. Bcl-2 and Bcl-x L overexpression in normal mouse and human T-cell blasts did not inhibit Fasmediated apoptosis but glucocorticoid-and etoposideinduced apoptosis were blocked (Moreno et al., 1996) . In addition, thymocytes and activated T cells were not protected by a Bcl-2 transgene (Strasser et al., 1995) . These data support the notion that peripheral T cells and thymocytes have a type I phenotype and may therefore be independent of mitochondrial functions following CD95 signaling. A typical type II tissue seems to be the liver: a Bcl-2 transgene protected mice from anti-CD95 antibodyinduced apoptosis in liver tissue (Lacronique et al., 1996; Rodriguez et al., 1996) . Future work will determine what role both described CD95 signaling pathways play in vivo, and whether these two pathways are used by other members of the death receptor family. In addition, a growing number of diseases have been correlated with a dysregulated CD95 apoptosis system (Peter et al., 1997a) . Therapeutic strategies that involve modulation of CD95-mediated apoptosis will first target the tissue to be determined as type I or type II, and will require an evaluation of the contribution of the two pathways in each case.
Materials and methods
Cell lines
The B lymphoblastoid cell line SKW6.4, and the T cell lines H9 and CEM were maintained in RPMI 1640 (Gibco-BRL), 10 mM HEPES (Gibco-BRL), 2 mg/ml Gentamycin (Gibco-BRL) and 10% fetal calf serum (Gibco-BRL) in 5% CO 2 . The T cell line Jurkat (clone J16) was maintained in Iscove's modified Dulbecco's modified Eagle's medium (Gibco-BRL) supplemented as described above. Jurkat cells transfected with empty vector or Bcl-2 were cultured as described elsewhere (Armstrong et al., 1996) . SKW6 cells transfected with vector control or Bcl-2 were kindly provided by Dr A.Strasser (WEHI, Melbourne, Australia) and cultured as described elsewhere (Strasser et al., 1995) .
Antibodies and reagents
Monoclonal antibodies against FADD and caspase-3, and the rabbit polyclonal serum against Bcl-x L were purchased from Transduction Laboratories (Lexington, Kentucky). The mouse monoclonal antibody against PARP (C-II-10) was a kind gift of Dr A.Bürkle (German Cancer Research Center, Heidelberg, Germany). The C15 mAb recognizes the p18 subunit of FLICE , and anti-APO-1 is an agonistic monoclonal antibody (IgG3, κ) recognizing an epitope on the extracellular part of APO-1 (CD95/Fas) (Trauth et al., 1989) . The TfRspecific mAb PA-1 (IgG1) was a generous gift from Dr G.Moldenhauer (German Cancer Research Center, Heidelberg, Germany). FII23c is a non-binding murine mAb (IgG3). The anti-cytochrome c antibody (7H8.2C12) was from PharMingen, and the anti-Bcl-2 antibody (N-19) and the HRPO-conjugated goat anti-rabbit IgG were from Santa Cruz Biotechnology (Santa Cruz, CA). The HRPO-conjugated goat antimouse IgG1 and IgG2b were from Southern Biotechnology Associates (Birmingham, AL). All other chemicals used were of analytical grade and purchased from Merck (Darmstadt, Germany) or Sigma (St Louis, MO).
DISC analysis by Western blotting
The amount of DISC-associated FLICE and FADD was determined as follows: 10 7 cells were either first treated with 2 μg/ml anti-APO-1 for 5 min at 37°C and then lysed in lysis buffer [30 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF) and small peptide inhibitors (Kischkel et al., 1995) , 1% Triton X-100 (Serva) and 10% glycerol] (stimulated condition), or first lysed and then supplemented with anti-APO-1 (unstimulated condition). The CD95 DISC was then precipitated for 2 h at 4°C with protein A-Sepharose (Sigma). After immunoprecipitation the beads were washed five times with 20 volumes of lysis buffer. For Western blotting, immunoprecipitates or cytosolic proteins equivalent to 10 6 cells or 20 μg of protein were separated by 12% SDS-PAGE and transferred to Hybond nitrocellulose membrane (Amersham), blocked with 2% BSA in PBS/Tween (PBS ϩ 0.05% Tween-20) for at least 1 h, washed with PBS/Tween and incubated with the primary antibody in PBS/Tween for 16 h at 4°C. Blots were developed with HRPO-conjugated secondary antibody diluted 1:20 000 in PBS/Tween. After washing with PBS/Tween the blots were developed with the chemiluminescence method (ECL) following the manufacturer's protocol (Amersham). Protein concentrations of cellular lysates were determined by the BCA method (Pierce).
Metabolic labeling and immunoprecipitation
Metabolic labeling and immunoprecipitation of CD95 was done essentially as described previously (Kischkel et al., 1995) . In short, 5ϫ10 7 cells were washed twice with PBS and labeled in 15 ml RPMI without cysteine and methionine (Gibco-BRL) for 20 h with 1 mCi 35 S ProMix (Amersham). Untreated or anti-APO-1 (2 μg/ml) treated cells were washed with PBS and lysed in lysis buffer. After preclearing with FII23 mAb covalently coupled to CNBr-activated Sepharose beads (Pharmacia), and subsequent immunoprecipitation with an anti-transferrin receptor mAb coupled to anti-IgG1 Agarose (Sigma), the CD95 was immunoprecipitated for 1 h with either protein A-Sepharose (Sigma) (stimulated condition) or anti-APO-1 coupled to protein A-Sepharose (unstimulated condition). All immune complexes were subjected to IEF/SDS-PAGE analysis as described (Kischkel et al., 1995) .
Preparation of mitochondria and nuclei, and Western blot analysis for cytochrome c Cells (3ϫ10 8 per sample) were washed twice with ice-cold PBS and resuspended in five volumes of buffer A (50 mM Tris, 1 mM EGTA, 5 mM 2-mercaptoethanol, 0.2% BSA, 10 mM KH 2 PO 4 , pH 7.6, 0.4 M sucrose) and allowed to swell on ice for 20 min. Cells were homogenized with 30 strokes of a teflon homogenizer and centrifuged at 4000 g for 1 min at 4°C. The supernatants were further centrifuged at 10 000 g for 10 min at 4°C and the resulting pellets were resuspended in buffer B (10 mM KH 2 PO 4 , pH 7.2, 0.3 mM mannitol, 0.1% BSA). Mitochondria were separated by sucrose gradient (lower layer: 1.6 M sucrose, 10 mM KH 2 PO 4 , pH 7.5, 0.1% BSA; upper layer: 1.2 M sucrose, 10 mM KH 2 PO 4 , pH 7.5, 0.1% BSA). Interphases containing mitochondria were washed with buffer B centrifuged at 18 000 g for 10 min at 4°C and the resulting mitochondrial pellets were resuspended in buffer B. Protein concentrations of mitochondria were determined by Bradford method (Bio-Rad).
For isolation of nuclei, SKW6.4 cells were washed twice in ice-cold PBS, resuspended in 10 volumes of buffer C (10 mM PIPES, pH 7.4, 10 mM KCl, 2 mM MgCl 2 , 1 mM DDT, 1 mM PMSF, 10 μM cytochalasin B), allowed to swell on ice for 20 min and homogenized using a Teflon homogenizer. Homogenisates were layered over 30% sucrose in buffer C and centrifuged at 800 g for 10 min. The resulting nuclear pellets were resuspended in buffer C and washed three times. Nuclei were stored at -80°C in aliquots at 2ϫ10 8 nuclei/ml until required. For determination of nuclear fragmentation, mitochondria were incubated with nuclei in buffer D (10 mM HEPES, 50 mM NaCl, 2 mM MgCl 2 , 5 mM EGTA, 1 mM DDT, 2 mM ATP, 10 mM phosphocreatine, 50 μg/ml creatine kinase, 10 μM cytochalasin B) for 2 h at 37°C. Nuclei were stained with propidium iodide and analyzed by flow cytometry. For determination of mitochondrial cytochrome c, isolated mitochondria were lysed using 1% NP-40 containing lysis buffer, and 10 μg of solubilized mitochondrial proteins were subjected to 15% SDS-PAGE and Western blot analysis using anti-cytochrome c mAb and ECL. To confirm equal loading of mitochondrial proteins, all Western blots were also developed with an antibody directed against a 60 kDa mitochondrial antigen (data not shown).
Determination of mitochondrial membrane potential and reactive oxygen species production To measure ΔΨ m and reactive oxygen species (ROS) generation, anti-APO-1 (1 μg/ml) treated or untreated cells (5ϫ10 5 /ml) were incubated with 3,3-dihexyloxacarbocyanine iodide [DiOC 6 (3), 460 ng/ml; FL-1] (Moleculare Probes, Inc., Eugene, OR) for ΔΨ m and dihydroethidine (HE, 126 ng/ml, FL-3) (Moleculare Probes, Inc.) for ROS generation for 12 min at 37°C in the dark followed by analysis on a flow cytometer (FACScan).
Cytotoxicity assay 5ϫ10 5 cells were incubated in 24-well plates (Costar, Cambridge, MA) with anti-APO-1 in 1 ml of medium at 37°C. Quantification of DNA fragmentation as a specific measure of apoptosis was carried out by nuclear staining with propidium iodide, essentially as described elsewhere .
Cell transfection CEM cells were transfected by electroporation using a Gene-pulser (Bio-Rad) with control vector (pcDNA3) or Bcl-x L expression vector (pcDNA3-bcl-x L ). Transfectants were selected by growth in G418 (1 mg/ml). Clones expressing high levels of Bcl-x L were identified by Western blotting. MCF7 cells stably transfected to express CD95 alone (denoted MCF7-Fas) or both CD95 and Bcl-x L (denoted MCF7-Fasbcl-x L ) (gifts of Dr V.Dixit, University of Michigan) were plated on glass cellocate coverslips (Eppendorf) at a density of 60 000 per coverslip and placed in single wells of a 24-well plate. 24 h after plating, using Lipofectin (Life Technologies) cells were transfected with 0.5 μg of either pcDNA3 vector DNA (Invitrogen) or pcDNA3-pro-caspase-3; in both instances 0.2 μg of pCMV-green lantern protein was co-transfected as a transfection marker (Gibco-BRL). 24 h after transfection, cells were treated with 500 ng/ml anti-Fas (clone CH-11, PanVera Labs, Madison, WI) plus 1 μg/ml cycloheximide for 8 h. Hoechst dye 33342 (Sigma) was added to the medium to a final concentration of 4 μg/ml. Cells were incubated with Hoechst dye at 37°C for 30 min and photographed under UV illumination.
